The dehalogenation of 2-chloroethanol (2ClEtOH) in gas phase with and without participation of catalytic water molecules has been investigated using methods rooted into the density functional theory. The well-known HCl elimination leading to vinyl alcohol (VA) was compared to the alternative elimination route towards oxirane and shown to be kinetically and thermodynamically more favorable. However, the isomerization of VA to acetaldehyde in the gas phase, in the absence of water, was shown to be kinetically and thermodynamically less favorable than the recombination of VA and HCl to form the isomeric 1-chloroethanol (1ClEtOH) species. This species is more stable than 2ClEtOH by about 6 kcal mol ). The calculations were repeated using a single ancillary water molecule (W) in the complexes 2ClEtOH_W and 1ClEtOH_W. The latter adduct is now more stable than 2ClEtOH_W by about 8 kcal mol -1 , implying that the water molecule increased the already higher stability of 1ClEtOH in the gas phase. However, this catalytic water molecule lowers dramatically the barrier for the interconversion of VA to acetaldehyde (from 55 to 6 kcal mol -1
, and the reaction barrier is 22 kcal mol -1 vs 55 kcal mol -1 for the direct transformation of VA to acetaldehyde. In a successive step, 1ClEtOH
can decompose directly to acetaldehyde and HCl with a lower barrier (29 kcal mol -1 ) than that of VA to the same products (55 kcal mol -1 ). The calculations were repeated using a single ancillary water molecule (W) in the complexes 2ClEtOH_W and 1ClEtOH_W. The latter adduct is now more stable than 2ClEtOH_W by about 8 kcal mol -1 , implying that the water molecule increased the already higher stability of 1ClEtOH in the gas phase. However, this catalytic water molecule lowers dramatically the barrier for the interconversion of VA to acetaldehyde (from 55 to 6 kcal mol -1 ). This barrier is now smaller than the one for the conversion to 1ClEtOH (which also decreases, but not so much, from 22 to 12 kcal mol
Introduction
Halogenated hydrocarbons are organic species of considerable interest in environmental chemistry. The role of chlorofluorocarbons (CFCs) in the depletion of the ozone layer [1] [2] [3] made them a frequent subject of study in atmospheric chemistry. Adsorbable organic halogen (AOX) species produced during chlorine dioxide bleaching of pulp in the Kraft process [4, 5] and the byproducts of water disinfection [6] [7] [8] contribute to surface water contamination. Many other products used in the industry, like degreasing fluids, and agriculture, like pesticides, further contribute to the presence of halogenated hydrocarbons in the environment.
One of the simplest halogenated halocarbon families is that of halohydrins (halogenated alcohols) and one of their important reactions is dehalogenation, i.e. HX elimination, which can occur by pyrolysis in gas phase [9] [10] [11] , or by base catalysis [12] [13] [14] or oxidation [15] in solution. Thermal decomposition of halohydrins has been investigated repeatedly. In particular, single pulse shock wave experiments on the thermal decomposition of fluoroethanol [16] as well as chloro-and bromoethanol [10] have been performed.
Thermal elimination of HCl in pyrolysis occurs through the intermediary vinyl alcohol, which is assumed to be unstable and evolve later to acetaldehyde [10] . However, the tautomerization process has a high barrier (about 56 kcal mol -1 experimentally) and it can be kept up to half an hour in a pyrex flask without decomposition. At the same time, the reaction occurs easily in the presence of catalytic agents (for instance inorganic [17] or carboxylic [18] acids, or in concentrated conditions where dimerization can proceed). In clusters, like those present in atmospheric aerosols, water molecules can act as general catalysts to lower the barrier for the conversion of vinyl alcohol to acetaldehyde, as shown by some of the present authors several years ago [19] , and confirmed more recently by other authors [20] .
In aqueous solution finally, either base catalysis or general base catalysis by water molecules may eliminate HCl from halohydrins by a two-step nucleophilic attack, producing the oxirane molecule, which later evolves towards the diol [12, 14] . It has been shown experimentally that both oxiranes or diols can be the final products depending on the branching of the hydrocarbon lateral chains of the chlorohydrins [14] . This reaction channel seems to be unfeasible in the case of thermal decomposition or in cluster reactions.
The purpose of this work was to study the mechanism of the dehalogenation of 2-chloroethanol (2ClEtOH) in the gas phase (complete absence of water) and in a cluster where only one ancillary water molecule Is present. The goal is to assess carefully the interplay between the reaction channels leading to oxirane and to vinyl alcohol in the absence of water and in the presence of only one catalytic water molecule. In particular, we wanted to assess whether acetaldehyde is directly obtained from vinyl alcohol when water molecules are absent.
The results obtained in this study suggest that a rarely studied isomer of 2-chloroethanol, 1-chloroethanol (1ClEtOH), may play a role in the interconversion, because the Markovnikoff addition of HCl to give 1ClEtOH has a much lower barrier than the direct conversion of VA to acetaldehyde in the absence of catalysts. We found that dehalogenation of 1ClEtOH leads directly to acetaldehyde by abstraction of the oxygen on the hydroxyl atom, contrary to the dehalogenation of 2ClEtOH, where the hydrogen atom involved in the HCl product is attached initially to a carbon atom. The presence of just a single water molecule produces a nine-fold decrease of the barrier for the conversion of VA to acetaldehyde, making this route more favorable than that going through 1ClEtOH, even if the latter is also accelerated by the presence of water.
Chemical models and methods
The general reaction scheme studied is shown in Fig. 1 . The opening of oxirane to give ethylene glycol was studied only in the presence of the ancillary water molecule in the chloroethanol complexes. Labelling of the transition states will be shown in the schemeby using a W to indicate the corresponding transition state when the ancillary water molecule is present. The path from 1ClEtOH to 2ClEtOH through carbene was not investigated in detail because of the very high barrier associated to TS3.
INSERT FIGURE 1
Calculations were performed using density functional theory (DFT) [21] . The method chosen was B97X-D [22] , both because of its general accuracy and because it includes long-range and dispersion corrections, which are important for accurate calculation of loose transition states like those considered in this work. Two basis sets were used. Exploratory work was performed with Pople's 6-31G(d) basis set [23] . The structures optimized at this level were further re-optimized using the more extended Dunning's cc-pVTZ basis set [24] . Optimizations were performed until all cartesian coordinates were converged to at least 10 -4 Å. Analytical second derivatives were calculated for all species, both to obtain the IR spectra as well as for checking the correct number of negative eigenvalues. A Natural Bond Orbital (NBO) analysis [25] was performed and NBO charges, as well as charges derived from the electrostatic potential (using the Hu, Lu, and Yang charge fitting method [26] ) were calculated. The Laplacian of the density was calculated for all complexes and transition states to assess the characteristics of chemical bonds [27] . Electrostatic potential surfaces were also calculated and displayed in some cases to discuss specific bonding situations.
Results and discussion

Structures
The structure and geometries calculated at the B97X-D/cc-pVTZ level for the isolated species are shown in Fig. 2 . In a few cases the comparison with experiment or highly accurate geometrical data is made, to assess the correctness of the method employed here. The same information for the 1:1 complexes with water is displayed in Fig. 3 . Important changes in internal coordinates with respect to those in the isolated species are depicted.
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Obviously the most important species is 2ClEtOH, whose geometrical structure has been the subject of two experimental studies. Azrak and Wilson [28] analyzed the microwave (MW) spectra of 2ClEtOH and its bromine analogue, while Almemmingen et al [29] performed more recently an electron diffraction (ED) study with the aim of determining the anti-gauche ratio as a function of temperature. The agreement between both studies is reasonable concerning the C-C, C-O and O-H bond distances, as well as the dihedral angle between the ClCC and CCO planes, but is much worse for the C-Cl distance: 1.7886 ± 0.0038 Å versus 1.801 ± 0.001 Å. Although the discrepancy is not very large, it is significant. One must assume that the ED data is more accurate, and, since chlorine is the heaviest atom in the molecule, that the C-Cl distance should be the best determined structural parameter in this study. Durig et al [30] gave an explanation of the biased value in the microwave experiment.
From the theoretical point of view, we did not find in the literature high level calculations (i.e. CCSD(T) or better) of the geometry of 2ClEtOH. The published calculations used HF, B3LYP or MP2 with at most 6-311++G(d,p) or aug-cc-pDZ basis sets. We provide here our own B97X-D/cc-pVTZ calculations used throughout this work and, for comparison purposes, MP2/aug-cc-pVTZ and B97X-D/aug-cc-pVQZ calculations performed for another study on microhydration of chloroethanols [31] . In all cases, the calculations provide the gauche Gg' structure [30] as the most stable. The decomposition analysis of the interactions was performed by BaranacStojanović et al [32] , who determined that the effect is caused mainly by electrostatic attraction; we arrived to the same conclusion in [31] ). The dihedral angle between the ClCC and CCO planes is well reproduced by all the calculations. DFT results for the CCl bond are nearer to the ED data than MP2 results. The MP2 value is nearer to the MW experimental result than to that obtained by ED. Two aspects in which the calculation fail are the OH bond length, that theoretically is predicted much shorter than the experimental value, and the hydrogen bond Cl-H, whose computed value is longer than its experimental counterpart. In this specific case, however, MP2 performs better than DFT. The too short OH bond length predicted theoretically can be tentatively ascribed to anharmonicity, which has not been included in the calculations.
Infrared studies of 2ClEtOH were performed experimentally several times in different conditions. The spectrum was determined in an Ar-matrix by Perttilä et al [33] , studied in CCl 4 by Chitale et al [34] and the far IR spectra was recorded in gas phase by Durig et al [30] . The O-H torsional fundamental was reported at 344.0 cm -1 in gas phase [30] and at 325 cm -1 in solid Ar [33] . Both experimentally and in our own calculation (where it falls at 371.8 cm
, see Fig. 4a ) this is the most intense band in the whole spectrum. The C-Cl stretching band is found at 667 cm -1 in Ar while in our calculations it appears at 685 cm -1 . Finally, the O-H stretching band for the gauche isomer appears at 3614 cm -1 in Ar and at 3877 cm -1 in our calculations, again pointing out a significant effect of anharmonicity on this bond. The Raman lines were also recorded experimentally in liquid phase [33] and the results of our calculations (see Fig. 4b ) agree with those results.
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A final point to be considered is whether there is a real hydrogen bond or a purely electrostatic attraction between Cl and H atoms. To that end, we present the Laplacian of the electronic density both in the plane of the three atoms Cl-H-O (which cannot be co-linear), Fig. 4c , and in a perpendicular plane to this one, midway the perpendicular line from H to the Cl-O line, Fig. 4d . Both images show clearly that there is no discernable sharing of electronic density, meaning that the interaction between Cl and H is mostly electrostatic and/or hyperconjugative [46] . Atomic charges obtained from the NBO analysis were 0.46 for H and -0.11 for Cl, while using the Hu,Lu, Yang method of electrostatic potential fitting, they are similar but not identical, 0.38 for H and -0.12 for Cl. The electrostatic attraction is then obvious, as well as the absence of a hydrogen bond. Nonetheless, observe that this attraction produces a deep consequence. Since the OH and Cl groups are syn to each other, the formation of the oxirane is disfavored since the posterior attack of the oxygen on the Cl-bearing carbon would be less probable. We will discuss this point later on.
Contrary to 2ClEtOH, there is no experimental information on the structure of 1ClEtOH. The B97X-D/cc-pVTZ calculations predict a longer CCl bond and a shorter OH bond, with the ClCOH in a gauche conformation. The distance between Cl and H is significantly larger than in 2ClEtOH. All these elements put together point toward a more favorable disposition for obtaining vinyl alcohol in 1ClEtOH than in 2ClEtOH, while the opposite would be true for obtaining oxirane.
The IR spectrum of 1ClEtOH presents similarities with that of 2ClEtOH, but also differences which would allow the experimental differentiation of both species in a reaction mixture. Instead of presenting separately the spectrum of 1ClEtOH, Fig. 5 shows both spectra superimposed. It is simple to see that the relation between the CCl and OH stretching bands do give away the isomer. A ratio  CCl / OH larger than one indicates the presence of 1ClEtOH, while a ratio smaller than one indicates the presence of 2ClEtOH.
INSERT FIGURE 5
Vinyl alcohol (VA) is a molecule that has also been studied several times and which, besides its interest in multiple industrial reaction paths, is also of considerable interest as an interstellar molecule. The most recent publication, to our knowledge, is that of Bunn et al [35] , who studied the far IR spectra of both anti-and syn-VA, using a CCSD(T)/cc-pVQZ chemical model to obtain the structure of both species. Experimental microwave spectra of vinyl alcohol were reported by Saito [36] for the syn-conformer, and by Rodler [37] for the anticonformer. Bunn's et al data [35] agree well with the experimental values, while our own calculations afford C-O distances slightly too short (i.e. the C-O bond is slightly too strong) but the overall discrepancy is not significant.
Meanwhile, the best experimental and theoretical determination of the structure of oxirane can be found in a paper by Demaison et al [38] . Our B97X-D/cc-pVTZ calculations afford results for the CC and CH bonds very near the experimental ones, but a too short CO bond which, on the contrary, is well predicted at the highest level of theory used by Demaison et al [38] . This implies that in the present B97X-D/cc-pVTZ calculations the oxygen atom is slightly too strongly bound to the carbon atoms and thus the cycle will be more difficult to open by water (the same behavior as observed for VA).
The ethylene glycol molecule is another simple species that has attracted considerable attention because of the presence of multiple conformers (ten, taking into account symmetries) in some of which, weak hydrogen bonds are present. Bastiansen [39] was perhaps the first to describe correctly the gauche form. Although he assumed standard CC, CO and CH bond distances, he was able to determine without doubt that the species present was the gauche structure (known as g'Ga or g'Gt, referring to the gauche conformation of both the Hs and Os and the anti or trans disposition of the OHs) with an OO distance of 2.97 Å and a dihedral angle of 74 degrees between the O1C1C2 and C1C2O2 planes. The microwave spectrum of ethylene glycol has been studied repeatedly for more than 40 years, starting by the microwave experiment of Marsokk and Møllendal [40] and up to modern times with the experiments of Christen et al [41, 42] . The barriers for internal rotation around the C-C and C-O bonds were determined to be about 10 kcal mol -1 and 3-4 kcal mol -1 in early experiments [43] suggesting that the g'Ga is fairly rigid due to (weak) hydrogen bonding between the OH groups (see, for instance, ref. [44] ). In all these papers it has been assumed that the bonding between the hydroxyl groups is actually a hydrogen bond, but there has been considerable discussion about whether this bond exists or not [44] [45] [46] [47] [48] [49] [50] . The accepted situation nowadays is that there is not a hydrogen bond [49, 50] . Our own calculations show the absence of a bond critical point (BCP) in the same way as in the case of 2ClEtOH (see Fig.  6 ), supporting this view.
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Many papers have been published that quote the original microwave experiment of Bastiansen [39] , for instance [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . However, we were unable to find any precise determination of the experimental geometry in gas phase. Some information is available on the ethylene glycol in the solid phase [50, 54) , both with and without water. Of course, in this case the structure of the lattice influences the geometrical parameters and they cannot be compared to the theoretical ones. The most approximate experimental data (although obtained with some help of ab initio calculations) are the ones by Kazerouni et al [57] which have been included in the figure as experimental results.
With respect to the IR spectrum, the bound OH stretch is found at 3874 cm -1 (observed harmonic 3803 cm -1 [44] ), while the free one is found at 3931 cm -1 (observed harmonic 3856 cm -1 [44] [51] ). However, this can easily be explained by the lack of anharmonicity in our calculations, since the difference for the observed harmonic frequencies is 53 cm -1 [44] . In fact, Howard and
Kjaergaard [52] performed QCISD/6-311++G(2d,2p) calculations but adding anharmonic corrections and found a red shift of 39 cm -1 while in a previous paper, using CCSD(T)/aug'-cc-pVQZ calculations (aug-cc-pVQZ only in the hydroxyl groups), they found a harmonic red shift of 53 cm -1
. Thus, one can conclude that most of the discrepancy in the red shift is due to anharmonic corrections which would not play any important role in the reactivity in which we are interested.
Finally, the geometry of acetaldehyde was determined experimentally by Iijima and Kimura [66] and the most recent theoretical determination (at the CCSD(T)/cc-pVQZ level) was performed by Chong [67] . We did not calculate neither the structure of carbene nor that of TS3 and TS5 because of the very small possibility of this reaction path ever occurring.
Also included in Fig. 1 are the final complexes between the given product and HCl. Although these complexes will not be present in any appreciable amount at high temperatures under which thermal dehalogenation occurs, we found it interesting to report them here also, in order to evaluate the influence of the HCl species bound to the respective product. Both for these complexes and the transition states, geometries given are those obtained with the B97X-D/cc-pVTZ calculations. We have listed also the difference between the geometrical parameters of each TS with respect to the reactants and the products it connects, in order to estimate whether the TS is more reactant-or product-like.
The presence of a water molecule results in several types of hydrogen bonded complexes. Although in general several water complexes are possible for each species, we chose to report only the most stable ones. A more complete discussion of the microhydration of both 1ClEtOH and 2ClEtOH, with up to four water molecules, can be found in our previous work [31] . All complexes involving water in Fig.3 , as well as the diol-HCl complex in Fig. 2 (where the water is already incorporated into the structure) exhibit also HCl hydrogen bonded to the water molecule. Except in the case of the oxirane-water-HCl complex, the HCl residue is always interacting with the main species.
The most interesting situation arises with respect to the two isomers, syn-and anti-, of VA. The hydrogen bonded water in the latter isomer is bound to the hydroxyl group and interacts with one of the hydrogen atoms of the CH 2 group. Attempts to modify the structure so that the free H of the water molecule interacts with the chlorine atom failed. We think that this is due to the greater stability of the planar structure of VA, which should be distorted in order to obtain such a complex. In the anti-isomer instead, the water molecule acts as a hydrogen acceptor from the hydroxyl group and it can bind as a hydrogen donor to the chlorine atom. This structure is very important, because it provides a hydrogen migration chain that would lead directly from syn-VA to acetaldehyde. This is very clear in the structure of the transition state TS4.W in Fig. 3. 
Energetics
The general profile of the reactions, starting from ethylene and hypochlorous acid, through 2ClEtOH and 1ClEtOH, and ending in acetaldehyde and HCl in the absence of water, is shown in Fig. 7 . Electronic energies with zero-point corrections are displayed relative to 1ClEtOH. The results obtained with both the small and large basis sets are shown to assess the role of basis set extension. The same information is collected in Fig. 8 for the case of the addition of a single water molecule. For purposes of comparison, both energy profiles (with and without water) are shown, using only the larger basis set. The total energies and thermochemical data are given in the Supplementary Information. Relative energies are shown in Table 1 .
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The data in Fig. 7 show that the effect of basis set extension is non negligible, but does not change the qualitative aspects of the profiles. Therefore, we can simply discuss the most accurate ones. The first feature of the scheme is the reaction of hypochlorous acid with ethylene to give 2ClEtOH. The reaction is not spontaneous (∆ 298 0 =58.0 kcal mol -1 ) and has a large barrier (E a =49.6 kcal mol -1 ). Once formed, 2ClEtOH can evolve toward VA or oxirane. The transition states in both cases are very high (57.8 and 63.6 kcal mol -1 using the larger basis set), but there is a slight preference for the evolution toward the anti-VA. Even if it can be argued that the small difference could allow oxirane to be formed to some extent, the reaction is much more endothermic than the conversion to anti-VA (26.5 vs 11.6 kcalmol -1
). It could then be concluded that even if oxirane were to be formed, the equilibrium would shift back to anti-VA.
The rotational barrier for the syn-anti conformers of vinyl alcohol is very small (3.0 kcal mol ).
There are two questions in relation to the suggestion of 1Cl1OH being an intermediate in the reaction path. On one side, one should see whether this channel is really plausible. It is clear from the height of the barrier that the process is feasible. A comparison of the structure of the TS7 and TS2 transition states with that of the VA.HCl complex (see Fig. 3 ) shows clearly that the addition of Cl on the carbon atom carrying the hydroxyl group is the favored process, following Markownikoff´s rule. However, it is clear that if in the reaction media there is enough energy to overcome the barrier associated with TS7, then there is a very slight probability that the charge transfer complex is having more than a fleeting existence. In fact, as can be seen from the free energy of reaction, the entropy at 298 K is already sufficient enough to overcome the negative enthalpy and to make the reaction endergonic. It is more probable that the relatively long lifetime of VA allows further collisions with free HCl, collisions that will lead to 1ClEtOH as the favored product.
The conclusion of the study of this reaction channel is that it is highly probable that 1ClEtOH (a much less studied molecule than the 2ClEtOH isomer) is formed in the decomposition of the latter, as an intermediate in the route to acetaldehyde. Some experimental observations in mixtures of VA and HCl [30b] seem to point to this explanation, because HCl catalyzes the fast decomposition of VA. It does not seem plausible that HCl participates as a catalysts of the VA => acetaldehyde reaction. Instead, formation of 1ClEtOH and further decomposition is more likely. We suggest that it may be possible to identify it as a transient in the reaction mixture, using infrared spectroscopy for instance. Experimental and theoretical work in this direction is under way.
The comparison of the mechanisms with and without water is reported in Fig. 8 .
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The first important difference is the possibility of forming ethylene glycol from oxirane by incorporating the hydrogen bound water molecule, a channel closed in the absence of water. The transition state leading to oxirane stays unchanged in the presence of the water molecule. The barrier decreases by just 3% and stays above the barrier for the transformation of 2ClEtOH into VA. This latter decreases more. When water is present, the barrier falls from 58.1 kcal mol -1 to 48.4 kcal mol -1 (17% reduction). The profile is then uniformly lowered with respect to the reaction without water. For instance, the barrier for the transformation from VA to 1ClEtOH decreases from 22.1 to 11.9 kcal mol -1 and the barrier for the transformation of 1ClEtOH to acetaldehyde is reduced from 29.1 to 11.5 kcal mol -1
. These important reductions are however compensated by the decrease in the barrier for the direct transformation of VA to acetaldehyde. The presence of the water molecule provokes a decrease of the barrier from 55.0 to 5.8 kcal mol -1 . The direct reaction of VA to acetaldehyde is now about twice more favorable than the transformation to 1ClEtOH.
In conclusion, even if in the absence of water it seems reasonable to think that the route through direct transformation of VA to acetaldehyde is somehow less probable, favoring the appearance of 1ClEtOH instead, the catalytic effect of one single water molecule is sufficient to decrease the barrier to heights that make the direct transformation more probable.
Conclusions
We have performed a systematic study of the dehalogenation of 2ClEtOH using the B97X-D/cc-pVTZ density functional method and basis set. Geometry optimization of the different species along the reaction paths from 2ClEtOH to several products, have been determined both for the isolated molecules and including one water molecule, to simulate water clusters in aerosols.
There are three main conclusions in this work. In the first place, the barrier for the dehalogenation towards vinyl alcohol is some kcal mol -1 smaller than the barrier for the reaction to oxirane. This occurs both in the absence of water, but also when a single water molecule is present. In the second place, in the absence of water molecules, the path leading to acetaldehyde from a previous reaction of vinyl alcohol to 1ClEtOH by collision with a HCl molecule, seems to be more favorable than the direct transformation from vinyl alcohol to acetaldehyde. The reaction barrier for the direct transformation amounts to 55.0 kcal mol -1 , while the barrier for the reaction from vinyl alcohol to 1ClEtOH is only 22.1 kcal mol -1 . Finally, if a water molecule is present, the barrier for the direct transformation is greatly reduced, from 55.0 kcal mol -1 to 5.8 kcal mol -1 while the barrier for the reaction towards 1ClEtOH is reduced to 11.9 kcal mol -1 . The direct reaction becomes then more favorable than the path going through 1ClEtOH, and this species should not be observed in any significant concentration.
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